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Introduction

25
The stability of electrolytes at highly negative electrode potentials is a crucial aspect for device performance, especially in the case of lithium batteries whereby the anode (negative electrode) operates at voltages around that of the Li + /Li redox pair.
1, 2, 3, 4 At present, most commercial lithium ion rechargeable 30 batteries use solutions of lithium salts in organic solvents (Li [PF 6 ] and cyclic carbonates being the most frequently employed) as electrolytes. 3 Nevertheless, there are two main drawbacks associated with such systems: (a) the organic solvent is inherently flammable and, thus, fire hazards are unavoidable; 1 35 and (b) electrolyte decomposition on the commonly-used carbon-based electrode surface greatly limits charge/discharge cycle life of the battery. 5 Given such a challenging design, further research devoted to improved safety, cell life and energy density is essential. 40 As seen above, the problematic areas for lithium batteries include two electrolyte-related issues: flammability and electrochemical decomposition. Specifically, these arise through electrolyte volatility with organic solvents, and restricted electrochemical windows. In an ideal battery, the electrolytes 45 would be non-volatile, non-flammable and with an electrochemical window greater than 5 V. The class of electrolytes which are characterised as ionic liquids have attracted burgeoning attention over the past decade and this work has been extensively reviewed elsewhere. 6, 7, [8] [9] [10] Ionic liquids are 50 inherently conducting 11 and some of them exhibit electrochemical windows significantly in excess of those exhibited by conventional organic solvents, 10, 12 thus allowing increased cell voltages and in turn improving energy densities. 4, 9, 13 The majority of electrochemical studies have been focussed 55 upon ionic liquids based on quaternary aliphatic phosphonium 12, 14 and ammonium 15, 16, 17 cations. In particular, the cathodic stability, i.e. resistance to reduction, is most frequently dictated by the cation. 1,3-Dialkylimidazolium ionic liquids are more prone to reduction than those based on aliphatic cations, since the 60 former have both relatively acidic hydrogen atoms and vacant low-lying π* orbitals. 8, 10, 18, 19 However, even these systems containing aromatic cations exhibit wider electrochemical windows than the majority of conventional organic media. 19 The differing cathodic stabilities are well illustrated by comparing the 70 5.5 17 and 5.3 V, 21 respectively. Moreover, a number of reports have demonstrated that ionic liquids based on alicyclic ammonium cations can enable Li 0 plating/stripping cycles to be performed, 6, 14, 22 opening new possibilities for the fabrication of safe reversible lithium metal batteries. Despite these promising results, real applications of ionic liquid electrolytes for lithium batteries and other power devices have yet to be accomplished. This is mainly due to the relatively low ionic conductivities of 5 electrolytes composed of lithium salts and ionic liquids, and their poor lithium transference numbers. 9 Nevertheless, addition of small amounts of molecular solvents may improve these shortcomings without compromising the non-flammability of the electrolyte 23 or by keeping a good cycling performance.
21, 24 10 It was recently shown that, for ionic liquids based on alicyclic cations, decreasing the ring size causes viscosity to decrease in the following order: azepanium > piperidinium > pyrrolidinium (ring sizes: 7 > 6 > 5). 25, 26 As expected, the conductivity of these ionic liquids showed the reverse trend. Furthermore, the 15 introduction of ether linkages into the aliphatic side-chains of these cations dramatically enhances ionic mobility. 30 We report here an extension of our earlier studies, along with a systematic comparison of ionic liquids with a variety of alicyclic cationic cores, including their 20 preparation, and physical and electrochemical properties, with a particular focus on a large new series of 1-alkyl-1,3-dimethylpiperidinium ([C n mm β pip] + ) ionic liquids. 25 
Experimental
Materials and techniques
The materials used were sourced as follows: 3-methylpiperidine 27 (99%), 1-bromobutane (99%), 1-bromo-2-methoxyethane (95%), 1-chloro-2-methoxyethane (98%), 1-bromo-2-(2-30 methoxyethoxy)ethane (95%), methyl trifluoromethanesulfonate (98+%), 1-methylpyrrolidine (99+%), 1-methylpiperidine (98+%), ethanenitrile and dichloromethane (puriss.) ex SigmaAldrich; iodomethane (99%), ex Alfa Aesar; 1-bromohexane (98+%) and sodium tetraphenylborate (99.5+%) ex Fluka; methyl 35 trifluoroethanoate (97%) ex Lancaster; lithium bis{(trifluoromethyl)sulfonyl}amide ex 3M; and propanone (Chromanorm) ex HiPerSolv. All reagents were used as received, except ethanenitrile, which was and distilled from CaH 2 , and methyl trifluoromethanesulfonate and methyl trifluoroethanoate, 40 which where distilled under a dinitrogen atmosphere prior to use. These last two reagents and iodomethane are extremely hazardous, and must be handled with extreme caution. 28 The following salts were prepared by methods similar to (or adapted from) those previously described elsewhere: 45 [MeOC 2 mpyrr]Br, [29] [30] [31] [MeOC 2 OC 2 mpyrr]Br, 29, 32 [ 30 , 33 (see Schemes 1 and 2 below for structures related to each abbreviation). Their synthetic procedures, as performed in this work, are fully described below. 50 Microanalyses and electrospray mass spectrometry were performed by Analytical Services and Environmental Projects (ASEP, Queen's University of Belfast). Water contents were determined using a Cou-Lo Compact (version 08.05) Karl Fischer titrator, and titration solutions from Riedel-de-Haën. The water 55 contents were < 200, < 400 and < 500 ppm for [ 1 H (500.13 MHz), 13 C (125.76 MHz), 1 H-1 H COSY (correlation spectroscopy) and 1 H- 13 C HMQC (heteronuclear multiplequantum correlation spectroscopy) NMR spectra were recorded 60 for CDCl 3 solutions of the samples at ca. 20 °C on a Bruker Avance DRX 500 spectrometer. Melting points and other phase transition temperatures were recorded from the second heating cycles of differential scanning calorimetry (DSC) traces on a TA DSC Q2000 instrument with liquid dinitrogen cryostatic cooling 65 (5-20 mg samples, 5 °C min −1 heating and cooling rates under dinitrogen). Thermal decomposition profiles were determined by thermogravimetric analysis (TGA) using a TA TGA Q5000 instrument at 5 °C min −1 heating ramp, under a dinitrogen flow. Densities were determined at 25 °C, using an Anton Paar DMA 70 4500M oscillating tube density meter. Sample size was 1 cm 3 . Measurements of viscosity were carried out using a Bohlin Gemini Rotonetic Drive 2 cone and plate viscometer, equipped with a Bohlin Instruments Peltier circulating heater under a dinitrogen flow. Conductivity measurements were carried out 75 using a Mettler Toledo SevenEasy conductivity meter at 25 °C.
Cyclic voltammetry
Voltammetric experiments were carried out using a PCcontrolled microAutolab Type III potentiostat, and performed in a three-electrode arrangement with a glassy carbon (3 mm 80 diameter) as the working electrode (WE) and a bright platinum coil as the counter electrode (CE). Platinum WEs were also used, resulting in essentially identical potential limits. The CE surface area was maintained considerably larger than that of the WE to ensure that all current limitations in the cell were due to the WE perchlorate. The IR-drop was uncompensated. The glassy carbon electrode was polished using diamond pastes (Kemet, UK) of decreasing particle size (6-0.1 µm) on soft lapping pads. Prior to all experiments, all solutions were purged by bubbling argon (dried through 4 Å molecular sieves) for at least 10 min. A 95 positive pressure of Ar was maintained above the surface of the electrolyte throughout the experiments. The cyclic voltammograms for pure ionic liquids showed bulk oxidation and reduction processes at positive and negative potentials, respectively, which define their electrochemical windows. 100 However, the current magnitudes associated with such events are small, due to slow diffusivity. The derivatives of the scans were used, and the electrochemical window defined as the potential range between the midpoints in the sudden current changes for oxidation and reduction. For comparison, cyclic voltammograms 105 of 0.1 M solutions of some ionic liquids in ethanenitrile were recorded; sharper current increases were observed, as expected due to the higher diffusion rates. Electrochemical window data from pure and solution samples agree within ± 0.2 V. (CSD) were carried out using ConQuest 1.13. 37 The CSD (version 5.34, updated November 2012) was examined using the following criteria: 3D coordinates determined, with no errors and no powder structures.
X-Ray crystallography
Amine synthesis
35
NMR data are listed in tables in the ESI (this applies to all the prepared amines).
1-Butyl-3-methylpiperidine
(C 4 m β β β β pip). 1-Bromobutane (30.00 g, 218.9 mmol) was added dropwise to a stirring solution of 3-methylpiperidine (20.00 g, 201.7 mmol) in propanone 40 (120 cm 3 ) cooled in an ice-water bath. Anhydrous potassium carbonate (30.5 g, 221 mmol) was then added and the mixture was vigorously stirred at room temperature for 24 h. The resulting suspension was filtered through a sintered glass frit and the filtrate concentrated under reduced pressure at 45 
Results and discussion
Synthesis
The new ionic liquids based on 3-methylpiperidinium cations 95 have been synthesised according to Scheme 1 (this method is similar to that used for the production of the isomeric azepanium salts, 38, 39 with good yields for both classes of materials). The 1-R-3-methylpiperidines (Rm β pip) were prepared by reaction of 3-methylpiperidine (a derivative of DYTEK ® A 100 amine, 27 a common co-product in polyamide manufacture) with the desired alkylating agent (bromoalkanes or bromoalkoxyalkanes) in the presence of potassium carbonate; after vacuum distillation, isolated yields were in the 68-78% range. The starting 3-methylpiperidine is a racemic mixture and, 105 thus, the derived N-alkylated products are expected to be also racemic mixtures of both possible enantiomers, i.e. the 3R-and 3S-isomers. Other previously reported methods for the synthesis of C 4 m β pip include photoinduced cyclisations of 1-butyl-1-trimethylsilyl-1-(pent-4-enyl)amine. the chloride-free alkylation of 1-methylimidazole. 41 All these salts were obtained as low melting solids or room temperature ionic liquids, depending on both the anion and the nature of the R group (as discussed below). The synthetic pathway depicted in Scheme 1 was also successfully adapted for the preparation of 1-(2-methoxyethyl)piperidine (MeOC 2 pip, the parent tertiary amine lacking the 3-methyl group). Despite being known, only scant synthetic details had been hitherto reported for this amine. , respectively). To the best of our knowledge, detailed synthetic procedures for these salts are herein reported for the first time. 35 Alternatively, other simple piperidinium or pyrrolidinium salts were prepared by the reactions of 1-methylpiperidine or 1-methylpyrrolidine with alkylating agents (Scheme 2). As these precursors are commercially available, Scheme 2 represents a simpler synthetic procedure for the preparation of the known 44 Independent signals were observed for hydrogen nuclei on axial or equatorial positions in the piperidine ring. Analysis of chemical shifts and coupling constants (vide infra) revealed that chair conformations with the 3-methyl substituent in equatorial positions (therefore having minimal steric repulsions, 60 see Fig. 1 ), are predominant, as expected. It should be noted that no indication for boat conformations was found in the NMR data (boat occurrence for the more rigid quaternary ammonium cations is even less likely, as confirmed in the discussion below). Chemical shifts for equatorial hydrogen nuclei are shifted to 65 higher frequencies than their axial analogues, as usually observed for cyclohexane rings. 45 For example, multiplets for 2-equatorial and 2-axial protons in MeOC 2 m β pip were found at 2.83-2.92 and 1.56 ppm, respectively (see Fig. 2 insets, and ESI). Due to signal overlap, only a few coupling constants could be accurately 70 measured. Their magnitudes follow the known geminal ≈ axialaxial > axial-equatorial ≈ equatorial-equatorial pattern. 46 For example, the resonance of the 2-axial hydrogen nucleus of MeOC 2 m β pip (see Fig. 2 , right inset) appears as a triplet due to the geminal and axial-axial couplings to the 2-equatorial and 3-75 axial protons, respectively (the observed coupling constant is 10.6 Hz). This pattern is also observed for other Rm β pip compounds, and for the derived quaternary cations (vide infra). The signals for the N-bonded side groups have been unambiguously assigned by 1 H-1 H COSY spectroscopy; the 80 assignment was in accord with the previously studied azepane derivatives. 38 The 13 C NMR data for the four tertiary Rm β pip are collected in the ESI. Each individual signal has been assigned to the specific carbon nuclei from the cross-peaks found in the 2D 1 H- 13 C HMQC spectra (once 1 H signal assignments were known).
85 Fig. 1 The structure of (3R)-1-R-3-methylpipiridine (Rmβpip) with ring numbering; the stereogenic centre is marked with an asterisk; the 3-methyl substituent is depicted as occupying an equatorial position, as suggested by 1 H NMR data.
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Ionic liquids
The 1 H NMR spectra of [Rmm β pip] + salts show even more complex patterns than their precursor amines, since a second chiral centre has been introduced into the cation. This increases Fig. 3 , and all data in the ESI). Although overlapping of the 1 H signals prevented complete assignments, some of them were 5 unambiguously identified by means of 1 H-1 H COSY measurements and the analysis of their coupling patterns (comparison with data for the neutral amine derivatives was also useful and supportive). In most cases, certain signals were observed as duplicated sets over two clearly distinguishable 10 frequencies (or frequency ranges), each having different intensities (Fig 3, inset) . The reason for this is the presence of spectroscopically non-equivalent sets of isomers, i.e. pairs of diastereomers (see Fig. 4 ). This is supported by the 13 C NMR spectra of the salts, which are composed of two sets of signals 15 with different relative intensities (see Fig. 3 Fig. 3 and ESI) , both being triplets due to coupling to the 2-equatorial and 3-axial protons.
There are four possible diastereomers (two pairs of 20 enantiomers, 1S,3R;1R,3S and 1R,3R;1S,3S) for each [Rmm β pip]X salt, as depicted in Fig. 4 . The precursor tertiary amines preferentially occur in chair conformations with R chains in equatorial positions, as depicted in Fig. 1 35 axial positions are significantly shifted to low frequencies as compared to those for equatorial, due to shielding or deshielding, respectively, caused by the magnetic anisotropy of ring bonds, an effect commonly observed for chair conformations. 47 As seen in Fig 3, the resonances for axial NMe are noticeably more intense 40 than those for equatorial NMe. , respectively (see ESI), due to the increasing hydrogen bonding ability of those anions. This reflects the relative acidity of these protons, as also reported for azepanium ionic liquids. 20 built up by the symmetry operations of the P2 1 /c space group contain four ion pairs, where the cations are 1R,3S and 1S,3R diastereomers. Therefore, the crystallised material is a racemic mixture of one of the two possible pairs of enantiomers, as seen in Fig. 5 . According to the NMR data above, those diastereomers 25 would be predominant in all [Rmm β pip] + salts. Thus, it is not surprising that [1S,3R-C 6 mm β pip] 0.5 [1R,3S-C 6 mm β pip] 0.5 [BPh 4 ] was crystallised and its structure determined (albeit the existence of crystals containing the other two diastereomers, 1R,3R and 1S,3S, cannot be ruled out). The ring cores adopt chair 30 conformations, as observed in solution by NMR spectroscopy (see above). Furthermore, the 3-methyl and N-hexyl groups lie in equatorial positions, whereas the N-Me groups lie in axial positions (also consistent with NMR data, vide supra), thus minimising the steric repulsions of ring substituents. Table 2 ). The C α -N-C α angle (102.1 °) for [MeOC 2 mpyrr]Br is noticeably smaller than N-C α -C β or C α -C β -C β (> 104 °), whilst all fall within the usual values for pyrrolidinium salt crystals (101-109 °). The ring adopts a near-envelope conformation where the C α -C β -C β -C α torsion angle 55 is 4.9 ° and the nitrogen atom occupies the flap position, as seen in Fig. 7(b) . Such a conformation is usual for pyrrolidinium rings, observed in ca. 30% of all known crystals. 53 The N-methyl and 2-methoxyethyl groups lie on the axial and equatorial positions, respectively. It should be noted that, including all previously 60 published structures, bond distances and ring angles span across wider distributions for pyrrolidinium as compared to piperidinium. This fact may be due to the much larger number of stable conformers for the former (ten envelope and ten half-chair conformations of similar energy minima) than for the latter (only 65 two chair conformations, much more stable than any of the other local energy minima, such as boat). (6) 105(2) Cα-Cβ-Cβ/° 105. 4(3) 106 (3) a Data retrieved from the CSD; referred to by their six-letter codes for 3-methylpiperidinium salts. In order to evaluate the significance of the anion-cation hydrogen-bonding in the structures, average intermolecular H···X contacts (X = C, Br or Cl) were measured below the sum of the 35 conventional van der Waals radii (2.90, 3.05 and 2.96 Å, respectively). 55, 56 These distances for the quaternary ammonium salt ([C 6 Table 3 , according to the position of the hydrogen atom in the cation; data for related pyrrolidinium and 40 imidazolium salts, as retrieved from the CSD, are also given for comparison. 59, 62, 63 ). 55 The case of the tertiary ammonium salt [C 4 Hm β pip]Br, due to the presence of the distinguishably acidic NH proton, is remarkably different to those of the other reported (quaternary ammonium) structures. In this crystal structure, cations and bromide anions are hydrogen-bonded into infinite ribbons which run parallel to 60 the crystallographic c-axis (Fig. 8) . The interactions responsible for the formation of such ribbons are hydrogen bonds established between each bromide anion and, on one side, one nitrogenbonded hydrogen atom and, at the other end, one hydrogen atom bonded to C 2 in the next 3-methylpiperidinium ring. The N-H···Br 65 and C-H···Br distances are 2.306 and 2.916 Å, respectively, thus indicating that the former (contact ca. 0.75 Å shorter than the sum of van der Waals radii) is the strongest of the two, as expected from the higher acidity of the NH moiety.
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In the crystalline lattice of [C 6 mm β pip][BPh 4 ], each cation is 70 surrounded by four anions (and vice versa) in a pseudo-square coordination, thus forming planes which run parallel to the crystallographic ac plane. The closest contacts are established between hydrogen atoms in the cations and a number of phenyl carbon atoms in the anions. The mean H···C distance is 2.81(8) Å, 75 marginally shorter than the sum of van der Waals radii (2.90 Å, see Table 3 ). This indicates the presence of weak hydrogen bonding between relatively acidic hydrogen atoms in the cations (mostly those in either the α or β positions from the nitrogen atoms) and the π-system of the phenyl rings in the anions. Similar H···C distances are observed in the complex dicobalt 1-methyl-1-(prop-2-yn-1-yl)pyrrolidinium (2.81(9) Å) 57 and in 5 several imidazolium salts (2.80(9) Å, see Table 3 ). Fig. 7(a) . The average CH···Cl distance is 2.80(7) Å, which is slightly shorter than the sum of van der Waals radii (see Table 3 ) and 20 indistinguishable from those found in known pyrrolidinium chloride structures. 58 On the other hand, four bromide anions are observed to coordinate each cation in [MeOC 2 mpyrr]Br, Fig. 7(b) . The mean CH···Br distance is 2.96(6) Å, marginally shorter than the sum of van der Waals radii and, as in the case of 25 chlorides discussed above, and in the range of those for related pyrrolidinium bromides. 59 Imidazolium chlorides 61, 62 and bromides 59, 62, 63 show average contacts of 2.73(12) and 2.88(12) Å, respectively, although these figures are heavily weighted by very short contacts to the acidic C 2 H ring proton: the 30 rest of the contacts are close to the distances for the piperidinium and pyrrolidinium systems already discussed (see Table 3 ). Therefore, imidazolium halides show distinguishably stronger hydrogen bonds to C 2 H, whereas in the structures of related piperidinium and pyrrolidinium analogues, a number of weak 35 interionic hydrogen bonds dominate the structures.
Thermal behaviour
Depending on the substituents on the nitrogen atom and on the counteranion, the 3-methylpiperidinium salts reported herein are either solids of low melting point or liquids at ambient 40 conditions. Their glass transition temperatures and melting points, as measured by DSC, are listed in Table 4 + salts) decreases, as seen in Fig. 9 for four-atom side chains. Moreover, the replacement of butyl with ether-linked 2-methoxyethyl causes a slight decrease in glass transition temperatures in all cases. show crystallisation (and the corresponding melting) events at low temperatures, none of the 3-methylpiperdinium ionic liquids studied here exhibit this phenomenon. It should be noted that a certain degree of 15 discrepancy in data from the literature, most likely due to different thermal history in the DSC measurements, has been found. In the case of [C 4 Data in this work expand the range of ionic liquids based on N-alicyclic cations with thoroughly studied physical properties, thus allowing a systematic comparison to be made. Densities at 25 °C of different liquid salts with 3-methylpiperidinium, azepanium, piperidinium or pyrrolidinium cations having methyl 75 and 2-methoxyethyl as N-substituents is comparatively shown in Fig. 11 at 20 °C, respectively).
68
In summary, the density of ionic liquids based on alkylated cyclic ammonium cations can be finely tuned by the choice of , ring size (lighter for larger rings), the type of N-substituents (heavier for etherlinked as compared to plain alkyl) and ring asymmetry (3-methylpiperidinium ionic liquids being lighter than nonsubstituted piperidinium analogues).
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Viscosity
Viscosity measurements for the room temperature ionic liquids studied were performed between 25 and 95 °C (a complete set of is listed in the ESI). The temperature dependence of the viscosity for all the studied ionic liquids is graphically 20 depicted in Fig. 12 . The most influential factor affecting viscosity was found to be the anion. For a given cation, viscosity clearly decreases in the [OTf] − > [CF 3 These patterns have been observed for related azepanium ionic 50 liquids. 38 Furthermore, new viscosity data presented in this article allow for a more complete comparative study amongst different cationic cores, i.e. 7-, 6-and 5-member rings (azepanium, piperidinium and pyrrolidinium), in addition to asymmetric 3-methylpiperidinium, and different anions, to be performed. Such 55 a comparison is shown in Fig. 13 for ionic liquids having 2-methoxyethyl as the R side chain. In addition to the anion effect (see above), the viscosity is clearly affected by the structure of the cationic core, showing a decreasing trend in the following order: azepanium > 3-methylpiperidinium > piperidinium > 60 pyrrolidinium. This was previously reported for [ A decrease in viscosity with increasing temperature is observed (see Fig. 12 ). Such a decrease is more dramatic for ionic liquids of higher viscosity. As usual for other ionic liquids, 71 a viscosity-temperature correlation based on the 10 Vogel-Fülcher-Tammann 72 (VFT; ln(η) = ln(η 0 ) + B/(T − T 0 )) equation is proposed, where η is the experimental viscosity in cP, T is given in Kelvin, and η o , B and T o represent the correlation parameters. The reduction in viscosity with increasing temperature is dramatic, as can be seen in Fig. 12;   15 for example, all azepanium ionic liquids show viscosities around or below 30 cP at 90 °C. 
Conductivity
The ionic conductivities (both absolute and molar) of the studied 3-methylpiperidinium, piperidinium and pyrrolidinium 25 ionic liquids at 25 °C are listed in Table 5 . In addition, a Walden plot containing such data, along with those of some previously reported, closely related ionic liquids, is shown in Fig. 14 which parallels the fluidity trend discussed above. In the case of [NTf 2 ] − ionic liquids, it has been previously shown that the introduction of ether-linkages on the N-side chains (R) of alicyclic cations causes a drastic increase in conductivity. 25, 69, 70, 73 This is most likely a consequence of increased ionic mobility in 35 the liquid state enabled by the higher flexibility and conformational freedom of chains having ether functionalities, rather than entirely alkyl character. In contrast, azepanium ionic liquids with 2-(2-methoxyethoxy)ethyl chain, despite their lower viscosities, exhibit lower conductivities than their analogues with 40 the shorter 2-methoxyethyl. 38 Such a trend is confirmed here for Table 5 ). . This anomalous phenomenon may be ascribed to a higher degree of ionic association into either ionic pairs or aggregates, which can be graphically observed in the form of a Walden plot (Fig. 14) , 50 whereby larger deviations below the KCl line (ideal ionic behaviour) mean lower ionicity, 74 i.e. a higher tendency for cations and anions to aggregate in the pure ionic liquid state. 
Electrochemical windows
Ionic liquids based on alicyclic quaternary ammonium cations, a group which include the materials examined in this work, have been widely considered as promising electrolytes for a plethora of 20 applications. 13, 21, 75 This is due to their remarkable potential windows (> 5.0 V), which exceed those of either aprotic organic solvents such as ethanenitrile or the widely used 1,3-dialkylimidazolium ionic liquids (ca. 5.0 V). 76 This is mostly because of the higher cathodic limits of the aliphatic ammonium 25 systems; for ionic liquids, the aromatic imidazolium core is much more readily reduced than azepanium, 38 Table 6 . These data are derived from cyclic voltammograms as recorded for the neat ionic liquids. In some cases, the potential limits were also measured from analogous analyses of solutions in ethanenitrile, since the high viscosities of the pure ionic liquids made 35 observations of the potential limits difficult (see Experimental section). This can be seen in the case of [C 6 mm β pip][NTf 2 ] in Fig. 16 , where sharper current changes are observed for the solution as compared to the neat material. . 50 Values of electrochemical windows in the range 5.25 to 6.25 V were obtained, which represent up to a 1.5 V advantage over the conventionally studied [ 
Conclusions
The asymmetric 3-methylpiperdinium cationic core has been shown to be a good constituent of room temperature ionic liquids, which can be prepared by classical double N-alkylations of 3-methylpiperidine and, where desired, further anion metathesis. 5 The resulting salts are diastereomeric mixtures containing all of the four possible cation isomers. (iv) As compared to azepanium, their isomeric asymmetric 3-methylpiperidinium ionic liquids show, in addition to the lack of crystallisation tendency, slightly lower viscositites, lower 40 densities, and similar conductivities.
The large amount of 3-methylpiperidinium, azepanium, piperidinium, and pyrrolidinium ionic liquids presented herein, and in related publications, present excellent electrochemical robustness, especially under reductive conditions. Their physical 45 properties can be finely modified by carefully adjusting structure, as seen in the trends and patterns reported throughout this manuscript. Indeed, this is one of the basic philosophies of ionic liquid chemistry -custom design. In summary, such ionic liquids enrich the portfolio of promising electrolytes for demanding 50 devices such as lithium batteries or supercapacitors.
